Progress in the development of a 3-D acetone laser induced fluorescence (LIF) technique for aero-optic measurements is reported. Acetone PLIF images were acquired of the turbulent wake of a wall-mounted hemisphere at transonic conditions of approximately Mach 0.78 (Re D ≈9.16x10 5 ). The quality of these images was much better than any previous acetone PLIF images acquired of this flow field. An established acetone fluorescence signal model was implemented to convert the images to density field data. Low density cores were visible in many of the images and the density was found to decrease up to 40-50% of the freestream density value in these cores. Acetone PLIF was also attempted with a MHz rate pulse burst laser and high speed camera to acquire time-resolved PLIF images; however, the signal to noise ratio of these images was low and no conclusive information could be obtained. Upgrades to the pulse burst laser system and a new high speed camera will be used in the future to overcome this limitation. These 2-D image studies are critical for development of the 3-D measurement, which is based on the scanning of a laser sheet across the flow. Particle image velocimetry (PIV) was also performed to characterize the flow field and it was found that vorticity fluctuations occur in the turbulent wake and the velocity magnitude ranges from approximately 0-290 m/s. Overall, this work proved that acetone PLIF is a viable technique to calculate density fields in high-velocity, compressible flows (in this case the wake of a hemisphere which closely resembles the flow over a turret mounted to an aircraft). In addition, the results from the experiments better characterized this flow field and provided valuable information in regard to the extent of the density fluctuations and what needs to be modified in order to achieve 3-D acetone LIF. This is valuable information as progress is made toward 3-D acetone LIF density measurements which will enable calculation of aero-optic distortion.
Introduction
The propagation of a collimated, coherent beam of light is dependent on the index-ofrefraction of the medium through which it travels. In turbulent flow fields, density fluctuations directly lead to fluctuations in the index of refraction, causing the wavefront of the beam to become aberrated. The interaction of fluid properties and light propagation is termed "aerooptics." This research field has attracted interest recently as imaging, optical communications, and directed energy weapon systems have become more common. In each of these cases, degradation of the optical wavefront places a limit on the performance of these systems, particularly when used on aircraft platforms. An example is a turret-mounted laser aperture on the fuselage of an aircraft; the turbulent boundary layer, necklace/horseshoe vortex, separated shear layer, and turbulent wake generate large density fluctuations that alter the wavefront as the beam exits the aperture. As the beam continues towards a target, the distorted wavefront causes the beam to diverge and degrade in quality. By the time the beam reaches the target, it has lost its initial coherence and is less effective.
Quantitatively, the distortion of an optical wavefront can be described by variations in the optical path length (OPL). The OPL is calculated by an integration of the three-dimensional index of refraction in the direction of light propagation, z, as seen in Eqn. 1:
The relation between index of refraction and density is dependent on the fluid. In the case of air, Eqn. 2 is used, where the Gladstone constant K is 2.23 x 10 -4 m 3 /kg for air. K n 1 (2) Thus, the distortion of an optical wavefront is the integrated effect of the threedimensional density (index-of-refraction) field through which the beam passes. In principle, if the three-dimensional density field of the flow is known, adaptive optics can be used to correct for the distortion. However, correction for aero-optic distortion is beyond the scope of this work.
In turbulent flow fields, the flow structures causing density fluctuations are highly threedimensional. Therefore, it is necessary to develop a 3-D diagnostic technique that can determine the density at each point in the flow field through which a beam travels. Conventional flow diagnostics are unable to make 3-D density measurements; nonetheless, past investigations have succeeded in using a variety of experimental methods to characterize various turbulent flows and resulting wavefront aberrations [1] [2] [3] [4] [5] [6] [7] . These studies have found that in addition to compressibility effects, the unsteady behavior of the large scale turbulence structures in the flow is a dominant source of distortion. These large-scale vortical structures produce low pressure wells at their core, causing a change in density throughout the structure 8, 9 . While these findings have increased the understanding of some basic mechanisms of distortion, fully quantifying these effects and designing optimal flow control or adaptive optics techniques requires the development of a technique for measuring the 3-D density field.
A number of efforts have been made over the years to develop 3-D flow measurement systems, including stereographic 10 , holographic 11, 12 , tomographic 13 , and laser sheet scanning 14 methods. In principle, stereographic-, holographic-, and tomographic-based techniques are capable of acquiring instantaneous three-dimensional flow data, but are generally restricted to particle-based measurements and have numerous other restrictions that restrict their application to specialized scenarios. Therefore, the approach that is adopted in this effort is laser sheet scanning. In this technique, a laser beam is formed into a thin sheet using a cylindrical lens and is scanned through the flow field using a high-speed scanning mirror. As the laser sheet passes through the flow field, a sequence of images at different planes throughout the flow field is acquired. Three-dimensional field data can then be reconstructed from the stack of 2-D images.
An advantage to laser sheet scanning is that it is an extension of traditional planar diagnostic techniques. For measuring density, planar laser induced fluorescence (PLIF) is widely used and is well understood 15 . By extending PLIF, in the case of this work acetone PLIF, with laser sheet scanning, a 3-D density field can be obtained. The pulse burst laser system (see Sec. III.D.) and high speed cameras at Auburn University are capable of producing laser pulses and capturing images at MHz rates, allowing the technique to be used for high-speed flows. However, before 3-D acetone LIF can be performed using laser sheet scanning, acetone PLIF must be proven as a viable technique to acquire 2-D density field data for a single plane in high velocity, compressible flow fields in a wind tunnel.
This paper presents progress in the development of a high-speed 3-D density measurement technique using acetone PLIF. In particular this paper shows that high resolution acetone PLIF images can be obtained for a high-velocity, compressible flow (in this case the wake of a hemisphere which closely resembles the flow over a turret mounted to an aircraft) and converted to density field data using an established acetone fluorescence signal model. Additionally, this paper presents attempts made to obtain high-speed, time-resolved acetone PLIF images. The ability to obtain high-speed acetone PLIF images must be proven before the technique can be extended to 3-D through laser sheet scanning. An explanation of an upgrade of the pulse burst laser system to improve signal levels is presented, along with new high speed cameras that will be used in future studies to increase signal to noise ratio. PIV data of the flow field is also presented and compared to acetone PLIF density data obtained for this flow field.
II.
Acetone LIF Development
A. Background of Acetone LIF
LIF is based on the absorption and fluorescence of laser light by molecules either already present or artificially introduced into a flow field. The chemical characteristics of particular molecules results in unique absorption spectra, typically in the ultraviolet (UV). Using an appropriate light source with strong spectral overlap, light can be efficiently absorbed by the molecule, raising its energy level. To return to an equilibrium state, both short-term (fluorescence) and long-term (phosphorescence) radiative processes occur, emitting photons within separate, longer-wavelength emission spectra. Acetone was chosen as the tracer molecule for this work because of the favorable characteristics it possesses, which include low cost, safe handling characteristics, and broadband absorption spectrum, which peaks from 260 to 290 nm. Thus, acetone could be strongly excited by converting efficient Nd:YAG laser systems to their fourth-harmonic output at 266 nm. The fluorescence emission is also broadband and peaks from 445 to 480 nm, a range of wavelengths efficiently detected by CCD sensors. For acetone PLIF, a 266 nm laser sheet passes through the flow field of interest, the acetone molecules absorb the 266 nm light, and a fraction of the acetone molecules fluoresce. The fluorescence of the acetone molecules is captured on a CCD. The normalized fluorescence signal can be correlated to a density value, allowing a 2-D density field to be calculated from an acetone PLIF image.
The photophysics and physical qualities of acetone have been well characterized by Lozano et al. 16 ; in particular, the weak dependence of fluorescence signal on pressure and temperature and the quenching of the long-lifetime phosphorescence signal by atmospheric oxygen were reported. Further work by Thurber 17 succeeded in establishing a fluorescence quantum yield model where changes in temperature, pressure, wavelength, and bath gas were investigated to determine their effect on fluorescence quantum yield. Thurber also obtained the absorption cross-section values of acetone for a wide-range of temperatures. Both fluorescence quantum yield and absorption cross-section play an important role in the fluorescence signal equation for acetone explained below. This fluorescence signal equation can be simplified and used to find the density throughout the flow field. These findings have established acetone as a suitable molecular tracer for accurate measurements in fluids.
B. Acetone Fluorescence Signal Model
The acetone fluorescence signal equation 17 is shown below in Eqn. 3:
Where E is the laser fluence, hc/ is the energy of a photon at the excitation wavelength , opt represents the overall efficiency of collection optics, and dV c is the collection volume. The bracketed term is the acetone number density, given as a product of acetone mole fraction acetone and total pressure P divided by the Boltzmann constant k times temperature T. The final two terms are functional relations; is the molecular absorption cross-section of the tracer molecule and is the fluorescence quantum yield. This generalized signal equation can be simplified for an analysis of how the signal level varies with changes in flow density. An assumption made is that the acetone mole fraction is approximately constant and uniform entering the test section. This is accomplished in experiments by seeding the acetone into the flow far upstream of the stagnation chamber, allowing for dispersal and evaporation prior to entering the test section. Using this assumption and ignoring constant terms, the signal equation can be reduced to Eqn. 4.
Eqn. 4 establishes a relationship between the thermodynamic properties of the gas and the fluorescent signal. This signal is directly proportional to the flow density with a weak, but nonnegligible dependence on temperature as indicated in the absorption cross-section and fluorescence quantum yield terms. Pressure also plays a role; however, its effect can be directly tied to the density and temperature through the equation of state. Fortunately, Thurber developed a fluorescence yield model that takes into account wavelength, pressure, temperature, and bath gas, allowing the value of fluorescence yield to be calculated across a range of conditions. The bath gas is an important aspect because if oxygen is present in the bath gas, slight quenching of the fluorescence occurs. Also, the absorption cross-section relationship vs. temperature can be interpolated.
For the measurements described herein, it is not practical to make an absolute measure of the signal as described in Eqn. 3. Instead, one can take advantage of the fact that the thermodynamic properties of the flow are a known quantity in the free stream. This allows an estimate of the flow density to be made by looking at the ratio in signal between an arbitrary point in the flow and the free stream, as shown in Eqn. 5:
Eqn. 5 essentially describes an in-situ calibration where the free stream flow is used to calibrate unknown or undetermined quantities, such as laser fluence and optical collection efficiency. As will be discussed later in detail, determination of a density value depends on the estimate of the temperature at any given point such that the value for the absorption cross-section and fluorescent yield can be determined. In the absence of an independent temperature measurement, a bound is placed on these values. It is found that the variation of absorption crosssection and fluorescence quantum yield with temperature is relatively weak, but non-negligible. This is discussed further in Sec. IV.
III. Experimental Arrangement
To facilitate the development of the high-speed 3-D density measurement technique and provide a relevant flow field for aero-optic studies, a small-scale transonic wind tunnel was designed and constructed. A hemisphere, which possesses similar qualities to a turret mounted on an aircraft, is mounted to the wall of the test section to generate a flow field with substantial density gradients and three-dimensional flow structures, including a flat plat boundary layer, a necklace/horseshoe vortex that wraps around the base of the hemisphere, a shear layer, shedding vortices, and a turbulent wake. Shock waves can also form at approximately 90 o from the horizontal. To characterize the performance of the tunnel and the structure of the flow field, Schlieren imaging and 2-D particle image velocimetry (PIV) experiments were performed. These experiments showed regions of density fluctuations and vorticity fluctuations. In addition, acetone PLIF experiments were performed.
A. Transonic Wind Tunnel and Model Geometry
A fixed wall transonic wind tunnel was specifically designed to investigate the flow over a hemisphere (particularly the turbulent wake region) at or near transonic conditions. The transonic wind tunnel cross section is approximately 4" x 4" and has optical access on three sides. All three optical windows are UV-fused silica, but the bottom window also has an antireflective (AR) coating specifically for 266nm and 532nm light. The bottom window is AR coated for passage of the 266 nm laser sheet (acetone PLIF experiments) and the 532 nm laser sheet (PIV experiments). The compressed air source is an Ingersoll-Rand compressor equipped with a dessicate air dryer, capable of providing 650 cfm of air at pressures up to approximately 125 psig. The compressed air is stored in two large tanks that are connected to the stagnation chamber using large diameter compressed air lines. As seen in Figure 1 , the stagnation chamber is attached to a smooth contour nozzle followed by the test section, the diffuser, and a 90 o elbow where the flow exits the laboratory. Just downstream of the test section is a plate with a slight bump that creates a cross sectional area, A* (throat area), which is slightly smaller than the cross sectional area of the test section, A. The flow is choked at A* and through the ratio A/A*, transonic conditions are forced in the test section (approximately Mach 0.78 flow). The advantage to this design is that the Mach number is held constant for longer periods of time as the upstream pressure in the storage tanks drops. One disadvantage, however, is a time-dependent drop in the test section static pressure over the course of a single run. These pressures are monitored and recorded over the course of a run such that the tunnel conditions are known. The model is a 1 inch diameter hemisphere that is mounted to the ceiling of the wind tunnel, approximately 4 inches downstream from the beginning of the test section. It is constructed of aluminum and is anodized black.
Figure 1: Transonic wind tunnel
The wind tunnel had the ability to be seeded for two different types of experiments. A nitrogen tank pressurizes a small pressure vessel that contains liquid acetone. An EPDM hose, submerged in the liquid acetone, is attached to an exit pipe, a solenoid valve, a wall fitting, and a spray nozzle. The spray nozzle is connected to a wall fitting that is connected through the wall of the compressed air supply line far upstream of the test section of the wind tunnel. During testing, the small pressure vessel is pressurized and the solenoid valve is opened, allowing the liquid acetone to be injected into the compressed air supply line. The spray nozzle is oriented in the upstream direction. This assists in dispersion of the liquid acetone and helps ensure that the liquid acetone evaporates before entering the test section, so only acetone vapor and air are in the test section. A schematic of this seeding setup is shown in Figure 2 . For PIV experiments, alumina particles are seeded far upstream of the test section of the wind tunnel using a method similar to that described by J.H. Wernet and M.P. Wernet 18 . This seeding is performed the same way as for acetone PLIF experiments except alumina particles (Sumitumo AKP-20) of approximately 0.5 µm diameter are mixed with acetone and then added to the pressure vessel. When the acetone evaporates, only alumina particles, acetone vapor, and air enter the test section. Thus, the 532 nm laser sheet used for PIV can only scatter off of the alumina particles. This seeding setup also presents the opportunity to perform simultaneous PIV and acetone PLIF experiments in the future. 
B. PIV Setup
In order to provide quantitative information for the flow field, PIV experiments were performed along the centerline of the test section. For PIV illumination, a New Wave Research Solo III PIV laser was used, capable of producing 50 mJ/pulse. Using a combination of spherical lenses and a cylindrical lens, a thin 532nm laser sheet was formed and directed upward through the bottom window of the test section along the centerline of the test section. The pH of the liquid acetone/alumina particle mixture, which can influence the quality of the suspension, was not measured.
The signal scattered by the alumina particles was captured using a Cooke Corp. Sensicam QE camera. A 25 mm focal length lens was used for imaging, allowing a field of view approximately 93 mm x 50 mm with resolution 1376px x 736 px (the camera is capable of 1376px x 1040px, but the pertinent data existed over a small vertical area and a large horizontal area of the field of view. Thus only 1376 px x 736 px were used). The spatial resolution of the individual images was approximately 67 µm/px. The interpulse timing with this field of view was 2 µsec.
C. Acetone PLIF Setup
High resolution, low image acquisition speed acetone PLIF experiments were performed near the centerline of the test section. Illumination for these experiments was provided by the PIV laser explained above, except an externally mounted KDP crystal was used to convert the 532 nm light to 266 nm light. After harmonic conversion, a thin 266nm laser sheet was formed using a cylindrical lens and directed upward through the bottom window of the test section, as seen in Figure 3 . The laser sheet was approximately 2 inches wide and 0.5-1mm thick. The pulse energy was approximately 22mJ/pulse, obtained by using both laser heads with a 100 nsec separation. Images were obtained slightly off the centerline (<1/8in because of a light scattering problem on the centerline) of the test section with the Sensicam QE unintensified camera using 2 x 2 binning. A 25 mm lens was used with f#1.4, giving a field of view of approximately 35.9 mm x 27.1 mm with a resolution of 688px x 520px (only 500px x 520px was useful data, so the actual field of view was approximately 26.1 mm x 27.1 mm). The spatial resolution of the images was approximately 52 m/px. 
D. Time-resolved Acetone PLIF Setup
Time-resolved acetone PLIF experiments were attempted using the same optics as singleshot PLIF, but using a pulse burst laser and DRS Hadland Ultra68 camera. The pulse burst laser that was used in these experiments was a 3 rd -generation design based on an initial design by Wu et. al. 19 , a 2 nd -generation design by Thurow et. al. 20 , and similar 2 nd -generation systems in place elsewhere 21, 22 . A thorough description of the design features and performance has been reported previously 23 , however a brief overview of the system is provided here, with emphasis on the conversion process to yield 266 nm light.
The configuration of the system is classified a master oscillator power amplifier (MOPA), where a burst of low energy pulses is formed and amplified through a chain of power amplifiers. The master oscillator of the system is a low power (100 mW) continuous-wave Nd:YAG laser operating at 1064 nm, which is "sliced" into a configurable burst of pulses using an Acousto-Optic Modulator (AOM). This device is capable of creating an arbitrary number of pulses, as short as 20 nsec each, with a maximum repetition rate of over 10 MHz, and with contrast ratios of over 2,000:1.
The resulting short, low energy pulses (1 nJ/pulse) enter a series of five flashlamppumped Nd:YAG rod amplifiers, with rod diameters of 4, 5, 6.3, 9.5, and 12.7 mm, respectively. The first three amplifiers operate in a double-pass configuration for maximum gain while in the small to moderate signal regime. The final two amplifiers are single-passed to minimize gain depletion throughout the duration of the pulse burst. Faraday isolators are placed between each amplifier stage to reduce gain depletion through parasitic oscillation in the system. Figure 4 is an image of the master oscillator and power amplifier chain. After amplification, the high energy pulses (70 mJ/pulse at 1064 nm) are frequency doubled to 532 nm (green) by use of an 8 mm x 8 mm x 10 mm KTP nonlinear crystal. This conversion yielded 20 mJ/pulse, corresponding to a 28% conversion efficiency. To further generate light at 266 nm, a similar harmonic conversion process is used with Type I BBO. BBO has been found to work more efficiently than KDP when used with the pulse burst laser, which allows for better collimation and longer coherence lengths than the PIV laser used in the single-shot acetone PLIF studies. This conversion process yielded 4 mJ/pulse, corresponding to a 20% conversion efficiency. A DRS Hadland Ultra68 high-speed camera was used for capturing fluorescence images. It is capable of acquiring 68 images at up to 500,000 frames per second, with an individual image resolution of 220 x 220 pixels. Thus, an entire image sequence takes 136 µsec to acquire. Due to the intensified nature of the camera, the noise characteristics are unfavorable, with variations in flat field intensity values being around 10%. Additionally, the design of the camera uses a number of beamsplitters, which further degrades the signal levels and introduces slight spatial positioning jitters in each frame that must be corrected after acquisition. Both of these issues limit the utility of the camera in this study.
IV. Experimental Results
The flow field information obtained from these experiments was analyzed and the general flow field structure was compared to information found in literature to confirm behavior that is consistent with expectations. Furthermore, the PIV data was compared to the PLIF data to identify areas of the flow marked by stronger turbulent features.
A. Results from PIV Experiments
Single-shot PIV image pairs were obtained for this flow field along the centerline and were processed with PIVPROC v.7.02 software provided by NASA. This software incorporates a multi-pass cross-correlation scheme with the window deformation technique 24 . Correlation window sizes of 32 x 32 pixels were used with a 50% overlap. The results were single image pair velocity vectors for this flow field.
By obtaining the velocity vectors for a single-shot PIV image pair for this flow field, the vorticity field could be calculated. Instantaneous vorticity and velocity magnitude plots are provided from the PIV experiments along the centerline in Figures 5 and 6 , respectively. As seen in Figure 5 , there are regions of high positive and high negative vorticity in the turbulent wake. In Figure 6 it is seen that the highest velocity magnitude is approximately 290 m/s and occurs in the shear layer. The low velocity magnitudes occur in the turbulent wake and just in front of the hemisphere. It is also seen in Figure 6 that stagnation points (the velocity magnitude is zero) exist on the front and back of the hemisphere where the hemisphere meets the wall.
The velocity magnitude data obtained is useful because it can be used to calculate approximate 
1) Image Processing
After acetone PLIF images were obtained, an average dark image was subtracted from each image. A trapezoidal laser sheet normalization correction was then applied to each image. This correction is necessary to account for variations in the incident laser sheet intensity across the width of the imaging region. The correction process also accounts for the fact that the laser sheet, formed by a cylindrical lens, is spreading as it passes through the test section. As such, the image coordinates (x,y) are mapped to a set of cylindrical coordinates (r,θ) using a virtual origin for the laser sheet that is obtained through trial and error. A set of correction coefficients vs. θ is then extracted by examining the intensity of the image that corresponds to the free stream flow. The idea is that far from the hemisphere, the density and temperature should be constant and, therefore, the image intensity should also be constant. Any variations in image intensity must therefore be due to variations in the incident light sheet intensity. In essence, the signal and density ratio in Eqn. 5 is being forced to equal 1.0. Assuming that the laser sheet intensity is constant for constant θ, all points in the image are corrected by interpolating the correction coefficients for the exact angle of each point. The intensity at each point is then multiplied by the corresponding correction coefficient for that point. Each image was then normalized by its average freestream intensity value. The decrease in laser intensity with increasing r was not accounted for as the change in r was relatively small. The end result was an image ratio where the value at each pixel corresponds to the normalized signal,
, indicated in Eqn. 5. These values were then converted to a density value using a calibration curve as described in the next section.
2) Calibration Curves
As discussed earlier, one must model the temperature of the flow field in order to determine the density from the signal ratio. The temperature is necessary to estimate the local values of the absorption cross-section and fluorescence quantum yield because they are both a function of temperature. To estimate fluorescence quantum yield, the fluorescence quantum yield model described in Thurber was used, assuming air as the bath gas. Absorption cross-section was found by interpolating absorption cross-section vs. temperature data from Thurber. It is important to note that the dependence of the fluorescence quantum yield on pressure is redundant in this case as the equation of state can be used to relate the density, temperature, and pressure. Thus, one only needs to estimate temperature to determine a calibration curve of normalized acetone fluorescence signal vs. normalized density.
In these acetone PLIF experiments, the temperature is an unknown. As such, it was desired to model the influence of temperature on the measurement accuracy. To do so, the upper and lower bounds on the temperatures that might be realized in the flow were considered. Assuming adiabatic flow, it was deemed reasonable to assume that the maximum temperature the flow would obtain in the near wake would be equal to the stagnation temperature, T o , which was taken here as 300 K (room temperature). On the other end of the spectrum, it should be recognized that as the flow isentropically expands around the hemisphere, the local Mach number can approach and exceed Mach 1.0, thus leading to an associated temperature drop. As explained in IV.A., the shear layer Mach number was found to be approximately 0.9. Therefore, placing a boundary of Mach 1.0 flow was deemed to be a safe estimate and placed a lower bound on the temperature of approximately 250 K. Thus, it was assumed that the temperature varies between 250 and 300 K in this flow field. Figure 7 shows the calibration curve for three cases: (1) T = T min = 250 K, (2) T = T max = 300 K, and (3) T = T ∞ (ρ/ρ ∞ ) γ-1 . The last case corresponds to an assumption of isentropic expansion and serves as a point of reference. T ∞ and P ∞ were calculated with the isentropic relations using the stagnation conditions and M=0.78 (as opposed to section IV.A. which calculated/estimated a freestream Mach number of 0.76 based upon PIV data from one image pair). Then ∞ was calculated from T ∞ and P ∞ . As can be seen in Figure 7 , all three curves show that the signal increases approximately linearly with flow density with only a slight dependence on the local temperature. Still, it can be seen that temperature does have an influence that restricts the accuracy of the measurements. It was found that from approximately 3), the maximum density drops from the freestream density are near 40-50%, thus this 8% is a reasonable bound for the percent difference in the results obtained by using different curves. For the aero-optic application of this work, where we are interested in the integrated density along a path and local changes in density, it remains to be seen how important this accuracy will be. This is a topic we plan on exploring in the near future. 
3) Corrected Images and Density Values
The isentropic calibration curve was used to calculate the density values for the images presented in this paper. Density data was found for 70 corrected single shot acetone PLIF images. These 70 images were averaged and additionally a standard deviation plot was created for these images. The turbulent wake is visible in the single shot density images, as seen in Figure 8 (the gray colorbar in this plot is normalized density / ). Large density fluctuations clearly occur in the turbulent wake region. This is where large vorticity fluctuations occur as well, as evidenced by the PIV experiments. These images show that in the shear layer and wake for the most part the density drops from the freestream density are 20-25%. However, at specific points in the shear layer and wake, density drops of 40-50% of the freestream density are seen. The average density image, as seen in Figure 9 , shows that in the shear layer and turbulent wake the maximum density drop from the freestream density is approximately 20-25%. This proves that an individual image is a true representation of the extent of these density fluctuations and an average image is not. The standard deviation plot, as seen in Figure 10 , shows that the maximum standard deviation of approximately / 0.1-0.15 occurs in the shear layer region and the upper portion of the wake. 
C. Results from Time-Resolved Acetone PLIF Experiments
The time-resolved acetone PLIF experiments yielded inconclusive results. The signal levels in these images were low due to the limited laser energy of the pulse burst laser at 266 nm. Additionally, the noise characteristics of the Ultra68 camera prevented a useful signal-to-noise ratio from being obtained. There are still improvements that could provide more signal, including upgrades to the pulse burst laser and a new camera. It was concluded that if quality images could be obtained in these experiments, then experiments using the scanning technique could be easily carried out in the future.
Currently, the pulse burst laser system is being upgraded to include a more stable master oscillator and a sixth amplification stage, which are expected to increase the uniformity of each pulse and increase the energy generated at 266 nm by a factor of 3 or more, respectively. At the time of this writing, the upgraded components were not yet ready for use, but will be used in future studies. Also, two other high speed cameras are being considered for this work. A Princeton Scientific PSI-4 High Speed Camera is nearly ready to use. The large pixel pitch (115 µm) is better suited for signal-starved applications and should substantially increase the SNR of the measurement. Also, a variety of new high speed cameras are being investigated and may be acquired. In particular, the DRS Hadland Ultra24 and a Cordin 222-4G are being tested. These cameras both have lower noise characteristics and high resolution and should yield superior results compared to the Ultra68 camera.
V. Conclusion and Future Work
Advances have been made in the development of a high-speed 3-D density measurement technique using acetone PLIF. The turbulent wake region of a hemisphere at transonic conditions of approximately Mach 0.78 was investigated with acetone PLIF. The work presented here proved that high resolution, low image acquisition speed acetone PLIF images can be obtained for a high velocity, compressible flow (in this case the wake of a hemisphere which closely resembles the flow over a turret mounted to an aircraft) and density field data can be calculated. These single-shot acetone PLIF images showed that there are large density fluctuations in the shear layer and turbulent wake region and the maximum fluctuation from the freestream density is approximately 40-50%. This work also proved that time-resolved acetone PLIF images and their extension to 3-D scanning are not possible using the pulse burst laser system and the Ultra68 camera. PIV data was also obtained and analyzed to find the instantaneous velocity and vorticity fields. There are vorticity fluctuations in the turbulent wake region and the maximum velocity is seen to exist in the shear layer.
In the future, several changes will be made to the experimental setup that should increase the signal level of time-resolved acetone PLIF imaging. This will enable laser sheet scanning to be employed with a scanning mirror. A substantial upgrade in the pulse burst laser will be made combined with the use of new high speed cameras, which are expected to significantly improve the performance. In addition, PIV data will be obtained along multiple parallel planes in the flow field, so mean and fluctuating turbulent quantities can be calculated. This will better characterize the flow field and provide a comparison for acetone PLIF data.
